Retinal progenitor cells have been shown to be multipotent throughout development. Similarly, many other structures of the developing central nervous system have been found to contain multipotent progenitor cells. Previous lineage studies did not address whether these multipotent progenitor cells were biased in their production of neuronal subtypes. This question is of interest because subtypes are the basis of distinct types of circuits. Here, lentivirus-mediated gene transfer was used to mark single retinal progenitor cells in vivo, and the different subtypes of horizontal cells (HCs) in each clone were quantified. Clones with two HCs consistently contained a single HC subtype, a pair of either H1 or H3 cells. This suggests that a multipotent progenitor cell produces a mitotic cell fated to make a terminal division that produces two HCs of only one subtype. This bias in production of one HC subtype suggests a previously undescribed mechanism of cell fate determination in at least a subset of retinal cells that involves decisions made by mitotic cells that are inherited in a symmetric manner by both neuronal daughter cells.
chick ͉ lentivirus ͉ lineage ͉ retina T he extensive morphological and functional diversity exhibited by the cells of the CNS presents challenging questions regarding the processes of cell fate determination and differentiation. The generation of extreme neuronal diversity is particularly interesting, because these cells arise from a pool of progenitor cells that remain multipotent throughout development. The retina is an excellent model for the study of these questions, because there are well described stereotypical positions and morphologies that allow the definition of each cell type from histological sections (1) .
The progeny of individual CNS progenitor cells can be marked by in vivo infection with a replication-incompetent retrovirus encoding a fluorescent or histochemical reporter gene (2) (3) (4) (5) (6) (7) (8) . When several different CNS areas were marked in such a manner, many progenitor cells were found to be able to give rise to several different cell types, including different types of neurons, as well as glia (9) (10) (11) . In the postnatal rat retina, injections of Moloney Murine Leukemia virus vectors produced clones composed of different combinations of the cell types generated after infection, indicating a multipotency of late progenitor cells to produce late-born cell types (4) . Even clones of only two cells did not have the same interneuron type. Furthermore, embryonic injections of the same virus produced clones composed of many retinal cell types, with most clones, again even those with only two cells, containing two or more cell types (12) . The multipotency of retinal progenitor cells was also shown by lineage analyses in the avian retina and Xenopus retina (13) (14) (15) . All of the lineage data, along with data from mixing experiments in which progenitor cells from different ages were challenged with different environments, led to the proposal that retinal multipotent progenitor cells exhibit temporal differences in their competency to make the different retinal cell types (16) .
No previous lineage study addressed whether there was any bias within clones toward distinct subtypes of neuronal cells. This question is of interest, because the retina comprises distinct circuits that transform the initial signal from photoreceptors into information regarding motion, activity and other features still being identified (1). The use of more subtly specified progenitor cells may ensure the production of neuronal subtypes relevant to the creation of particular circuits. In this study, we investigate the composition of clones regarding the subtypes of HCs in the avian retina. HCs are thought to be essential for the establishment of center-surround inhibition in bipolar cells, and their subtypes differentially connect different photoreceptor types, for reasons not completely understood (1) .
Lentiviral vectors encoding fluorescent reporter proteins were injected in ovo at different times during retinal development. Clones were examined upon the maturation of the retina, allowing the HC subtype composition to be assayed morphologically. Large clones derived from the earliest infections contained all of the subtypes of HCs, whereas small clones with at least three HC types typically contained at least two subtypes. However, later injections that produced clones with many cell types, but only two HCs, contained only a single HC subtype, the H1 or H3 subtype, but not the H2 subtype. Clones with only one HC often had an H2 cell. These data imply that multipotent retinal progenitor cells become biased or limited with respect to their ability to make the different subtypes of HC. Interestingly, production of H1 or H3 cells appears to be by a mitotic progenitor cell that divides to make two postmitotic HCs of the same subtype, whereas production of the H2 subtype is likely through an asymmetric pattern that leads to production of only one H2 cell.
reporter did not adequately label neuronal morphology. To investigate whether there was a regional subtype skew in HC subtypes, each clone had its relative dorsal-ventral, anterior-posterior, and central-peripheral position in the retina noted (Table 1) . Clones were found to have HC subtype distributions independent of the region in which they were located.
HC Subtype Within Clones Can Be Assayed Through Morphology.
A classic Golgi-electron microscopy and a more recent electroporation study have shown there are three morphologically distinct subtypes of HCs in the avian retina (18, 19) . Lentiviral injections into the embryonic chick also yielded three morphological subtypes of HCs: the axon-bearing H1 HC with its numerous short dendrites and an elaborate axonal bushel, the axonless H2 cell with long sparse dendritic projections, and the H3 cell with short sparse dendrites and no axon (Fig. 2 a-c) .
To assay the distribution of HCs within clones, HC morphology was imaged within each individual clone. Visualization and quantification of cell subtype within retinal clones are difficult for many cell types, because many cell types are very close to one another and thus the signal from individual cells is often difficult to resolve (12) . However, in even the largest clones quantified, two factors contributed to being able to resolve the morphology of individual HCs. First, the HCs were usually displaced tangentially from the dense signal coming from the closely apposed bipolar and Müller glial cells of the main columns of labeled cells [ Fig. 2 d and e; supporting information (SI) Movie 1] . Second, HC bodies were located just adjacent to the outer plexiform layer (OPL), where they send their projections, a location not shared with many other retinal cell types ( Fig. 2 d-f ; SI Movie 2). This allowed the processes that belonged to each cell body to be tracked and used to identify each HC as to subtype. Photoreceptors occasionally populated the OPL outside of the dense GFPϩ column, but they were easily distinguished from HCs by their characteristic arborization pattern and cell body location ( Fig. 2 d-f ; SI Movie 2). In all quantified clones combined, 3,992 HCs were counted, and all were identified as either H1, H2, or H3 (Table 1) .
Clones with Many HCs Contain All Three HC Subtypes. To fully catalog the production of the different HC subtypes at different stages of retinal development, injections at different stages were conducted. A variety of clones with different sizes and locations were found fairly equally distributed throughout the retina (Table 1) . Clones were assessed regarding the number and subtype of all of their HCs as described above.
Infections at E1.5 produced the largest clones. Eleven clones derived from E1.5 injections containing Ͼ20 HCs (n ϭ 11 clones) had all three HC subtypes, one clone having 20 HCs contained only H1s and H3s, and one very small central clone had no HCs (Fig. 3 a and b and Table 1 ). Infections at E3 produced many large clones but, in addition, many smaller clones as well. The smaller clones were typically toward the central developmentally older region of the retina, whereas the larger clones were commonly toward the periphery of the retina. Similar to E1.5 infections, all E3 clones with Ͼ20 HCs had all three subtypes (n ϭ 9) ( Table 1 ). In the E3 clones with between three and 20 HCs, 17 had all three subtypes, 17 had two subtypes, and three had only one subtype (n ϭ 37) ( Fig. 3 c and d and Table 1 ). E4 infections resulted in clones with Ͻ15 HCs, and of those with three or more, nine had all three subtypes, 30 had two, and 12 had one ( Table 1 ). E5 infections, however, produced only three clones with three or more HCs, two with one subtype, and one with two subtypes (Table 1 ). In summary, clones from all stages with Ͼ18 HCs had all three subtypes (n ϭ 21), and all clones with more than five HCs had at least two subtypes (n ϭ 53) (SI Fig. 8 and Table  1 ). Furthermore, of the 23 clones with only three HCs, 2 contained all three subtypes, 15 contained two subtypes, and 6 contained only one subtype (SI Fig. 8 and Table 1 ).
An analysis of the percentage of HCs that were each subtype was carried out (SI Fig. 9 ). Infection at E1.5 would be expected to generate all subtypes in the ratios found in the retina, because it is a time before any neurons have been generated (20) . H1 cells were most abundant at 53%, with H3 at 30% and H2 at 17%. These frequencies changed somewhat between E3 and E5. By E5, the percentages became less reliable as the number of HCs per clone dropped and clones became smaller. The frequency that each a subtype was found in a clone dropped as the time of injection became later (SI Fig. 10 ), likely due to the fact that the clones were becoming smaller. Although there are no birthdating data available for chick HCs during this window of time, it is also likely that fewer HCs were found per clone as the window of time for production of HCs was coming to an end by E5. That the drop in production of each subtype was fairly similar over time suggests there was no significant difference in birth order among the three subtypes.
To compare the above frequencies of HC subtypes found in clones to the overall frequencies of HC subtypes within the retina, immunohistochemistry was carried out. Retinas were stained by antibodies for markers of H1 and H3 subtypes, Calretinin, and TrkA, respectively, as well as the panhorizontal marker, Prox1 (SI Fig. 11 ). The retina was divided into several quadrants to determine whether there was regional variation, and retinas were scored for the percentage of Prox1 ϩ cells that were Calretinin ϩ , or the percentage of Prox1 ϩ cells that were TrkA ϩ (Fig. 4 a and b) . Although the total number of Calretinin ϩ , TrkA ϩ , and Prox1 ϩ HCs varied over the different regions of the retina (data not shown), the percentages of each subtype remained constant (Fig. 4 c and d) . Furthermore, the average percentage of H1 cells among all HCs within clones is consistent with the fraction of Prox1 ϩ cells that were Calretinin ϩ across the retina (Fig. 4e) . Although the percentage of H3 cells among all HC within clones and the percentage of Prox1 ϩ cells that were TrkA ϩ (Fig. 4e) was similar, the percentage of H3 cells among all HC was slightly lower in clones than predicted by TrkA staining (discussed below). The percentage of HC that were H2 was calculated as the Prox1 ϩ cells that were negative for TrkA and calretinin. The percentage of H2 cells within clones was again similar to the overall frequency of H2 cells within the retina (Fig.  4e) . These data indicate that the viral labeling did not produce a significant skew in the frequencies of different HC subtypes within clones, which might have occurred if there was variation in promoter strength in the different HC subtypes. The slightly lower percentage of H3 HC subtypes found in clones relative to the prediction from TrkA staining was probably due to a slight undercounting of H3s in the main column of clones, when these cells were completely surrounded by GFP ϩ Müller glia and bipolar cells (Figs.  4d and 2e ). This did not occur with H1 and H2 cells to an appreciable degree due to the exuberance of their projections making them identifiable even when surrounded by GFP ϩ sibling cells.
Clones with Only One or Two HCs Had Skewed Distribution of
Subtypes. Clones with many HCs from any injection time typically had all three subtypes, demonstrating that progenitor cells were able to produce all of the HC subtypes if infection occurred during the period when HCs were produced. Determining the subtype composition of clones with only one or two HCs allowed an investigation regarding the final production of HC subtypes (Fig. 5) . Such clones were produced by infections at E3-E5.
Clones that contained only one HC were heavily skewed toward the H2 subtype (11 of 26 clones with only one horizontal cell) ( Table  1 ). Comparing the frequency of HC subtypes among the one horizontal cell-containing clones to their frequencies among all clones from E3-E5 infection showed a very significant preference toward the H2 subtype among the clones with only one HC (P ϭ 7.96 ϫ 10 Ϫ5 ). This skew was also obvious if a comparison was made to the frequencies of subtypes among clones with one or two HCs (P ϭ 2.5 ϫ 10 Ϫ7 ). The latter comparison is likely the most relevant, because it would take into account any birth-order differences among HC subtypes.
A similar analysis was done for the subtype frequencies among clones with only two HCs. Among these clones, there was a very significant lack of H2 cells: only one cell in 40 clones with two horizontal cells was an H2 cell. Lack of the H2 subtype is most likely not due to an earlier birth of that subtype, because, as discussed Clones are numbered according to the format: experiment number-retina number-file number. In large files composed of many images stitched together, an additional number represents a clone within the image if an image contains more than one clone. All clones derived from E3, E4, and E5 injections are from the right eye, whereas clones derived from E1.5 are from the right or left eye, as designated prior to the file number. Green box, clones with only two HCs. Location within the retina is desingated as follows: Anterior/Posterior (A or Po), followed by Ventral or Dorsal (V or D), then Central or Peripheral (C or Pe). A designation of O means an intermediate position between either of the positions. Red, clones with all three subtypes; yellow, clones with two subtypes; dark blue, clones with only one subtype; light blue, only a single horizontal cell; uncolored, no HCs in the clone; age, age of injection.
above, clones containing only a single HC often had an H2 subtype. The frequencies of subtypes in the clones with two HCs again were statistically significantly skewed, with a similar 2 analysis done comparing the subtype frequencies observed to those predicted by the overall subtype frequencies found in all clones from infection from E3-E5 or the frequencies seen in clones with one or two HC (P values of 0.015 or 8.8 ϫ 10 Ϫ4 , respectively). A further analysis of the subtype pairs seen in clones with two HCs was carried out. A striking preference for pairs of the H1 or H3 subtype vs. H1 plus H3 was statistically significant with a 2 P value of 1.2 ϫ 10 Ϫ7 using the frequencies of each subtype in the clones with two HC or 4.0 ϫ
10
Ϫ11 with the frequencies of HC subtypes seen in the clones with one or two HC, or 4.6 ϫ 10 Ϫ14 if one uses the frequencies of subtypes in all clones from infection at E3-E5.
Discussion
Here, we performed a lineage analysis in which the focus was on the composition of clones with respect to a particular neuronal subtype in the avian retina. A replication-incompetent lentivirus was used to irreversibly mark neural progenitor cells and their progeny. HC subtypes were examined because of the clear morphological differences among the subtypes as well as the fortuitous nature of their tangential dispersion from other labeled cells within a clone.
Previous experiments have shown that when a progenitor cell is marked late in rat and mouse retinal neurogenesis, many combinations of the cell types born after infection can be observed within clones, demonstrating multipotency of these progenitor cells (4, 12) . Early marking of murine progenitor cells also yielded clones composed of a mixture of the cell types produced at subsequent stages (12) . In the current study, using a lentiviral vector, as well as a previous study using an avian replication-incompetent virus, all or nearly all of the retinal cell types were present in the overwhelming majority of the chick clones analyzed, again showing multipotency of early chick retinal progenitor cells (13) .
In keeping with the expected multipotency of retinal progenitor cells, in clones with many HCs, there were two or three different HC subtypes. However, clones containing only two HCs, with one exception, were composed of either a pair of H1 or H3 HCs. Thus, a bias to the production of a single HC subtype was observed near the end of some progenitors' period of HC production. Interestingly, this pattern did not extend to H2 HCs, because they were not seen in clones with only two HCs. They were, however, overrepresented in clones with only one HC. Two patterns of inheritance can explain the observations of HC subtype distribution. One is that the marked progenitor cell gave rise to another multipotent progenitor cell as well as to a progenitor cell that became determined to form either the H1 or H3 subtype of horizontal cell. The determined progenitor then further divided only once more to produce two HCs of either the H1 or H3 subtype (Fig. 6) . This restricted progenitor cell likely produced determinants of the HC subtype that were parceled out to both daughter cells. Alternatively, the marked cycling progenitor cell might itself become restricted to production of a single HC subtype after a certain late stage in its competence to produce HCs and two or more asymmetric divisions of this cell resulted in production of one H1 per division, or one H3 cell per division, in different clones. Both models include an introduction of bias to the progenitor cells, namely in their late production of cell subtypes.
We consider the model of a restricted progenitor cell (Fig. 6 ) that divides once to give rise to two HCs of the same subtype as more likely. Several lines of evidence point in this direction. Clones with three or four HCs have pairs of H1 and H3 cells more commonly than three H1 or three H3 cells, as might be seen as a result of a progenitor cell that was biased to make only H1, or only H3 cells, in subsequent asymmetric divisions. In clones with three HCs, there were six pairs of H1 and seven pairs of H3 cells in the 23 clones with three HCs. In clones with four HCs, there were 7 clones with two or four H1 cells, and 11 clones with two or four H3 cells of a total Table 1 . 6 . A model for the bias of progenitor cells to produce particular subtypes of HCs. A multipotent progenitor cell produces a determined daughter cell that is specified to produce a single HC subtype after a terminal division. Earlier divisions in the depicted clone would lead to production of progenitor cells that produce other HC subtypes as larger clones contain all three HCs. of 24 clones. In addition, if a clone had several progenitor cells that made pairs of H1 or H3 cells, HC clones with an even number of H1 or H3 cells would be more common than clones with an odd number of H1 and H3 cells. As noted above, among the clones with four HC, there were 7 that had four H1 cells and 3 that had four H3 cells. Further examination of all clones that might have more than one pair of H1 or H3 cells, i.e., those of more than three cells, showed a bias toward even numbers, with P values of 0.06 and 0.05 for H1 and H3 cells, respectively. That this was not more significant is likely due to pruning of even numbers to odd due to HC cell death. Because no studies of HC death have been carried out, quantitative analysis of this factor is not possible. One final line of evidence supporting the model of a symmetric final division by a determined or biased progenitor cell is the presence of rare clones that are comprised entirely of two HCs (n ϭ 3). Such clones are consistent with an infection just before the division that created the determined progenitor that gave rise to the two HCs. Their rarity is likely due to the low frequency of such progenitor cells at any one time. All 3 clones of only two HCs comprised pairs of H1 cells.
The production of H2 cells by an asymmetric division making only one H2 cell is also supported by several lines of evidence. As shown in SI Table 2 and Table 1 , H2 cells are far more common in clones with one HC than either H1 or H3 cells. There are no clones with two HC that comprise two H2 cells. Similarly, in clones with three HC, H2 cells were present but, with only two exceptions, they were present as single cells, not as pairs, as was seen for H3 and H4 cells. Finally, if H2 cells were made by asymmetric divisions, there should be a fairly equal number of clones with an even or an odd number of H2 cells. This would be clones with one HC were removed, because they have an odd number. When they are removed, this last prediction is born out, because there were 27 clones with an even number of H2 cells and 21 with an odd number. This is in contrast to the extreme skew toward even numbers for H1 and H3 cells (SI Table 2 ).
Because subtype composition was not examined in the previous lineage studies of Xenopus, mouse, rat, or chick, a comparison of these findings regarding subtypes cannot be made. However, it is interesting to note that there were many clones of only two cells after infection of the postnatal rat or mouse retina. Notably, with one exception, postnatally generated clones of two cells almost never had two of the same type, i.e., there were no or almost no clones with two bipolar cells, two amacrine cells, or two Müller glial cells. A common exception was rods, which were Ͼ80% of the cells in the data set, and which were frequently seen as the only cell type in two cell clones. From embryonic infections of the mouse, there were very few clones with only two cells, and only 2 of 10 clones had two of the same cell type; there were 2 two-cone clones. These data suggest that multipotent progenitor cells do not often generate a mitotic progenitor cell that is limited in its production of interneuron types. That this was observed here for subtypes of HCs shows this can happen and may be a mechanism for limited amplification of certain neuronal subtypes within the CNS. This does not appear to be limited to chickens, as Godinho et al. (21) recently used live imaging in the zebrafish retina to show the production of HCs by an INL progenitor making only HCs. Another recent study by Ajioka et al. (22) reported that cells with differentiated HC features can divide in a murine model of retinoblastoma. This unusual property may be due to the fact that a mitotic cell committed to the HC fate is able to divide during normal development. The current study thus extends our notions of how lineage might play a role in cell fate determination in the CNS.
Methods
Viral Constructs and Production. FUGW was modified, with GFP being replaced with membrane-bound GFP to produce FUmGW, or with tdtomato to produce FUtdTW (23) . Virus production, concentration, and tittering were done by standard methods (24) , using the helper plasmid D8.9 and the plasmid VSV-G coat into 293T cells with FUGENE 6 (Roche) (25) .
E1.5 chicks (stage 8 -12) were infected by injection into the optic cup or anterior neural tube. E3, E4, and E5 injections were targeted to the subretinal space as described (26) .
Immunocytochemistry. Retinas were dissected from E18 chicks, and flatmount preparations were made according to Bruhn and Cepko (27) . Whole mounts double-labeled for Calretinin and Prox1 or TrkA and Prox1 were stained through serial antibody staining similar to the above protocol. Calretinin (Swant) was used at 1:1,000, Prox1 (RELIAtech) at 1:800, and TrkA (courtesy of F. Lefcort) 1:8,000 (28) . For further methods, see SI Text.
Confocal Microscopy and Image Processing.
Retinal flat mounts prepared, as described above, became between 50 and 100 m thick, depending on the degree of flattening induced by the mounting. However, even in the thinnest samples, HC subtypes could still be determined, because dendritic morphology was not noticeably altered. Imaging was conducted with a Zeiss LSM 510 meta (Zeiss) with a ϫ40 or ϫ63 oil Plan Apochromat objective, and stacks were acquired with at least 0.5 m per slice. Large clones were acquired with an automated stage and the MultiTime macro, which allows for automated sequential acquisition of z-stacks from large fields. Sequentially acquired stacks were stitched together by using custom-made software (A. Ponti and B. Roska, personal communication).
Stitched clones had their HC subtypes scored manually using the spot detector tool of Imaris Surpass (Bitplane), and 3D rendering was produced with the Isosurface and Contour functions of Imaris Surpass after processing with the Edge Preserving Filter set at a filter width of 0.2 m.
